Efficient carbon-carbon bond formation is of great importance in modern organic synthetic chemistry. The pinacol coupling discovered over a century ago is still one of the most efficient coupling reactions to build the C-C bond in one step. However, traditional pinacol coupling often requires over-stoichiometric amounts of active metals as reductants, causing long-lasting metal waste issues and sustainability concerns. A great scientific challenge is to design a metal-free approach to the pinacol coupling reaction. Herein, we describe a light-driven pinacol coupling protocol without use of any metals, but with N 2 H 4 , used as a clean non-metallic hydrogen-atom-transfer (HAT) reductant. In this transformation, only traceless non-toxic N 2 and H 2 gases were produced as by-products with a relatively broad aromatic ketone scope and good functional group tolerance. A combined experimental and computational investigation of the mechanism suggests that this novel pinacol coupling reaction proceeds via a HAT process between photo-excited ketone and N 2 H 4 , instead of the common single-electron-transfer (SET) process for metal reductants.
Introduction
Development of economical and efficient methods for creating the carbon-carbon bond is of paramount importance in modern synthetic chemistry. 1 In this regard, the pinacol coupling, though historically discovered over a century ago, is still one of the most efficient reactions to introduce the carboncarbon bond in one step. 2 Traditionally, more than the stoichiometric amount of metal reductants (Mg, Al, Zn, Mn, etc. ) is required to realize the single-electron-transfer (SET) process from the metal to the carbonyl group and to generate the ketyl radical as the key intermediate to form the pinacol product with the help of various Brønsted or Lewis acid additives (H + , SiR 3 Cl, TiCl 4 , ZnCl 2 , AlCl 3 , etc.). The acids are vital to coordinate with the carbonyl group to lower the SET barrier and to increase the pinacol product selectivity over the simple alcohol product (the two-electron reduced form of ketone) (Scheme 1a). Although it is an apparently straight-forward process, carefully choosing the acid additives is always needed, otherwise it results in poor reactivity and selectivity towards pinacol. 3 Besides, pre-activation of the excess amount of metals is oen needed to remove the oxide from the metal surface and efficiently utilize them as reductants. Furthermore, the work-up processes of the excess metal are typically problematic, especially in large scale reactions, generating large amounts of metal waste and causing environmental concerns. 4 To partially solve the problems of excessive metal mentioned above, pioneering work by Rueping et al. applied [Ir] based photo-redox catalysts to generate the key ketyl radicals from ketones via SET with tertiary amines as sacricial reductants instead of metals and to realize the pinacol coupling (Scheme 1a). 5 Although successful, the method still required precious noble metal [Ir] based photo-redox catalysts. Therefore, we were pondering the possibility of designing a pinacol coupling without the use of any metal. Inspired by our previous work on [Ni]/N 2 H 4 as the reductive system to realize diaryl reductive coupling reactions, 6 we envisioned the feasibility of employing N 2 H 4 as a clean reductant for the pinacol coupling, bearing in mind the innate reductive coupling nature in such a transformation. However, to use N 2 H 4 as the reductant to directly reduce ketones to the ketyl radicals via the SET process could be highly challenging due to the unmatched redox potentials (e.g. acetophenone: E red 1/2 ¼ À1.85 V vs. normal hydrogen electrode (NHE); N 2 H 4 : E red 1/2 ¼ À1.49 V vs. NHE). 5a,7 Faced with this dilemma and inspired by the recent work of Martin et al., 8 in which the aromatic ketone was identied as an efficient hydrogen-atom-transfer (HAT) reagent in its excited state, we anticipated the possibility of realizing the pinacol coupling reaction with N 2 H 4 via HAT instead of the well-known SET mechanism. In fact, there has been a long history of the use of aromatic ketones as HAT reagents in their excited states, pioneered by Norrish, 9 Yang 10 and others. 11 The aromatic ketone can be excited under UV light irradiation to form the excited triplet state to act as a 1,2-diradical, which is very effective for the radical HAT process because of the electrophilic properties of the excited oxygen radical. 8,11a,d On the other hand, N 2 H 4 is potentially able to be used as a hydrogen atom donor in this HAT process due to the expected favorable thermodynamics: the relatively weak hydrazine N-H bond with a bond dissociation energy (BDE) of approximately 277 kJ mol À1 is replaced by a strong alcohol O-H bond with a BDE of $443 kJ mol À1 . 12 Based on the above mechanistic analysis, a working hypothesis is proposed in Scheme 1b. Initially, the 1,2-diradical can be formed when the aromatic ketone is excited by UV light. This is followed by hydrogen atom abstraction from N 2 H 4 that generates the ketyl radicalthe key precursor in the pathway to pinacol. Meanwhile, N 2 H 3 $ may be produced and then by another HAT, unstable diimide (N 2 H 2 ) can be afforded, readily decomposing to N 2 and H 2 gases as by-products to be released out from the reaction system to further move forward this transformation. 6, 13 With this working hypothesis in mind, we report a light-driven metal-free pinacol coupling utilizing N 2 H 4 , for the rst time, as a clean HAT reductant with traceless nontoxic N 2 and H 2 gases generated in situ as sole by-products.
Results and discussion
To investigate the feasibility of our hypothesis, we initially examined the reaction by using acetophenone (0. Control experiments (entries 8 and 9) revealed that both UV light and hydrazine were vital for this transformation to proceed. By increasing the hydrazine amount to 0.75 equiv. and prolonging the reaction time to 24 h (entries 10 and 11), delightfully, the desired pinacol product 3a could be obtained in 80% isolated yield (entry 11). The argon atmosphere was found to be necessary for this transformation, as decreased yield (30%) was observed when the reaction was run under air instead (entries 11 vs. 12). By further increasing the hydrazine amount to 1.0 equiv., the yield could not be increased accordingly. Other reductants, such as hydrazine derivatives (entry 14 and Table S1 in the ESI †) and i PrOH (entry 15), showed inferior reactivities compared to hydrazine.
With the optimized reaction conditions in hand, we next examined the reaction scope of aromatic ketones as shown in Table 2 . Acetophenones attached with electron-donating groups such as methoxy, phenoxy, and Boc-protected amine worked well in this transformation, affording the pinacol products (3b, 3c and 3f) in moderate to high yields (64-81%). It was noteworthy that cyclic aromatic ketone, e.g. 4-chromanone, was able to generate the pinacol product 3d in good yield (82%), and multiple electron-donating substituents such as 2,4,6-trimethoxy-acetophenone gave the product 3e in 81% yield. Acetophenones bearing electron-withdrawing substituents, such as delightfully, 89% isolated yield could be obtained. Unfortunately, aldehydes, aliphatic ketones and aromatic imines were not compatible with this transformation probably due to their fast condensation with hydrazine to generate hydrazone and azine by-products. Next, the feasibility of realizing the cross-pinacol coupling was examined by mixing acetophenone and benzophenone-type compounds (Table 3 and see ESI † for details). It was found out that the acetophenones attached with electron-withdrawing groups such as 4-CF 3 and 4-Cl gave better selectivity and yields of cross-pinacol products, compared to acetophenone (entries 1-3) and 4-OMe acetophenone (see ESI † for details). Benzophenones with -F and -CH 3 substituents showed similar reactivities to simple benzophenone (entries 2, 4 and 5). Finally, benzophenone attached with -OMe could not further increase the cross-pinacol product selectivity and yield (entry 6).
Mechanistic studies

Identication of the ketyl radical formation process
The control experiments in Table 1 (entries 8 and 9) showed that without UV light or N 2 H 4 , the desired pinacol product 3a could not be generated, indicating that the ketyl radical could be formed from the HAT process between the photo-excited 1,2diradical and N 2 H 4 . To further conrm this process, rstly, the origin of protons was studied by changing the solvent from CH 3 CN to CD 3 CN with benzophenone as the model substrate due to the ease of analyzing the crude NMR of the starting material and product (Fig. 1a ). It was found that all the protons were derived from the N 2 H 4 instead of the acetonitrile solvent, since no deuterium was incorporated into the benzopinacol (3o) product and the benzhydrol (4o) by-product as conrmed by deuterium NMR ( 2 D-NMR) ( Fig. 1a) Secondly, 2 equiv. of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) or butylated hydroxytoluene (BHT), as radical inhibitors, were added into the reaction system under the standard conditions. The reaction was totally suppressed when TEMPO was added, with the TEMPO being mainly reduced to 2,2,6,6tetramethylpiperidine; whereas in the case of BHT, the reaction proceeded slower compared to the one without the inhibitor, demonstrating that the radical based mechanism was involved in this transformation (Fig. 1b) . 25 Thirdly, the uorescence quenching experiment between benzophenone and N 2 H 4 was performed (see ESI † for details). The uorescence of benzophenone could be efficiently quenched by N 2 H 4 , suggesting the existence of a strong interaction between the excited benzophenone and N 2 H 4 ( Fig. 1c ). From the three mechanistic studies shown above, it was reasonable to propose that the ketyl radical was formed by the HAT process between the 1,2-diradical, generated by the photoexcitation of the aromatic ketone and N 2 H 4 .
Identication of the HAT behavior of N 2 H 4
3.2.1 Determination of the number of hydrogens reacted in N 2 H 4 . Firstly, the stability of N 2 H 4 was studied: N 2 H 4 was very stable and did not decompose under the standard conditions (see ESI † for details). Secondly, since N 2 H 4 had four protons in total, it potentially had two possible pathways to donate its hydrogens: pathway A: donating all four hydrogens to generate N 2 ; pathway B: only two hydrogens being donated to form the unstable diimide (N 2 H 2 ), which then readily decomposes to N 2 and H 2 gases. To understand how many hydrogens were used in this reaction, in situ control experiments by limiting various N 2 H 4 amounts were run in a quartz NMR tube to directly monitor the reactions by 1 H NMR (Scheme 2). For example, when 0.25 equiv. of N 2 H 4 was used, only around half conversion (42%) was obtained with around 42% product yield, in the presence of 1 equiv. of hydrogen atoms (4 Â 0.25 equiv.) and the N 2 H 4 was completely consumed as shown by NMR (see ESI † for details), which was further conrmed by the absence of hydrazone or azine when benzaldehyde was added into the NMR tube aer the reaction. The evidence clearly stated that only two hydrogens in N 2 H 4 were involved in this transformation, favoring pathway B over A.
3.2.2 Evidence for diimide (N 2 H 2 ). Due to the instability of the diimide (N 2 H 2 ), it would be very difficult to obtain the direct evidence. 15 Recent work reported by Minnaard and Lin showed that alkenes could be efficiently hydrogenated to alkanes by the in situ generated N 2 H 2 from N 2 H 4 . 13b,16 Therefore, 4-methoxystyrene was added into the reaction system as the indicator of N 2 H 2 under the standard conditions, and the hydrogenated product 4-ethylanisole could be generated, indicating that N 2 H 2 Table 3 Attempts of cross-pinacol coupling a a General reaction conditions: acetophenone-type compounds (0.1 mmol, 1 equiv.), benzophenone-type compounds (0.1 mmol, 1 equiv.), and N 2 H 4 $H 2 O (0.15 mmol, 1.5 equiv.) in CH 3 CN (1 mL) were stirred under argon for 24 h under UV light (254 nm) irradiation at 25 C. b NMR yields were given with mesitylene as the internal standard. c N 2 H 4 $H 2 O (0.2 mmol, 2 equiv.) was used instead. d Ratio was determined by analysis of crude 1 H-NMR.
was likely formed under the standard conditions (Scheme 3a). Moreover, when 1,2-dimethylhydrazine was used as the reductant instead of N 2 H 4 , MeN]NMe, the N 2 H 2 analogue, was detected in the gas phase (see ESI † for details), 17 further indicating the formation of N 2 H 2 (Scheme 3b). Finally, analysis of the gas phase of the standard reaction conditions showed the presence of N 2 but not NH 3 (see ESI † for details). With all the above information shown, the reaction pathway B for N 2 H 4 was more feasible.
Mechanism of the pinacol C-C bond formation process
Historically, the commonly proposed mechanism for the UVirradiation assisted benzopinacol type C-C bond formation was the homo-dimerization of two ketyl radicals (Scheme 4, le). 11d,18 However, from modern perspectives, it is arguable that the C-C bond formation step arises from the homo-dimerization of two free radicals, simply because of the extremely low concentration and short life-times of the active radical species in solution, 19 although it may represent the apparent results. Instead, another possible route to form the C-C bond is via the ketyl radical addition to the unsaturated C]O (Scheme 4, right). Therefore, we were wondering whether the kinetics toolkit could be used to differentiate the two mechanisms to uncover this "historical mystery" of the C-C bond formation mechanism in this pinacol reaction. Initially, the rate determining step (RDS) of this transformation was studied. Firstly, the kinetic isotope effect (KIE) was used to identify whether the HAT process was the RDS or not. The KIE (k H /k D ) was around 1 when the N 2 D 4 was used compared to the normal N 2 H 4 , indicating that the HAT process was not the RDS but a fast step (Scheme 5 and see ESI † for details). Since this reaction was initiated by UV irradiation, the photoexcitation might be the RDS. To examine this assumption, the reaction was run under UV irradiation with its light intensity reduced to 2/3 of its original one; and it was found that the reaction rate was reduced accordingly (v obs (2/3I 0 )/v obs (I 0 ) z 1.99/3 z 2/3 (theoretical number), see ESI † for details), suggesting that the photoexcitation was the RDS.
With the above kinetic information, if the mechanism for C-C bond formation was via ketyl radical homo-dimerization, the v obs (observed reaction rate) would be directly proportional to the I 0 2 (the square of the light intensity). However, this assumption was not correct because the v obs was directly proportional to the I 0 , as stated before. On the other hand, if the mechanism was via ketyl radical addition to the unsaturated C]O, the v obs would be directly proportional to the I 0 , which was very consistent with the experimental data. Thus, the latter one was the more likely mechanism (see ESI † for details).
DFT study of the mechanism
Density functional theory (DFT) calculations were carried out in order to verify the mechanism proposed based on the experimental study and to gain detailed insights into elementary steps and structural transformations along the pathway. Acetophenone (1a) reaction with hydrazine was chosen as a model of the pinacol coupling in calculations. All calculations were performed using the Gaussian soware package (version 16, Revision B.01). The B3LYP approximation 20 corrected to account for dispersion interactions 21 was used as the exchange-correlation functional. The 6-31G(d,p) basis set was employed to represent molecular orbitals. Excited state calculations were performed using timedependent DFT. Acetonitrile solvent was represented implicitly using the polarizable continuum model in the integral equation formalism. 22 Aer structures of stable intermediates and transition states were optimized, frequency calculations were carried out and thermodynamic functions were calculated for the standard-state temperature 298.15 K and concentration 1 mol L À1 for all species in the ground electronic states. The stable intermediate structures and transition states are shown in Scheme 6 together with their energies (the free energy diagram is shown in the ESI †). For acetophenone, the intense UV-Vis absorption peak is calculated to lie at 239 nm (5.18 eV), in agreement with the experimentally observed transition (5.17 eV). 23 Our excited state modeling also shows that a manifold of the excited triplet states of acetophenone lies between 3.31 and 3.35 eV above the ground state. This characterization is consistent with previous studies 23 that show that an excited acetophenone undergoes vibrationally assisted intersystem crossing into a manifold of triplet states to generate the 1,2-diradical (Scheme 6). Our calculations indicate that the HAT from the triplet-state acetophenone to hydrazine is a barrierless process that leads to the formation of the ketyl radical bound to N 2 H 3 $ .
In the next major step of the reaction, the ketyl radical in its electronic ground state still bound to N 2 H 3 $ forms the carboncarbon bond with another ground-state acetophenone molecule. Unsurprisingly, the carbon-carbon bond cannot be stabilized without another HAT from the nearby N 2 H 3 $ to the incoming acetophenone molecule. This is consistent with the observation of Glorius et al., who noted that the radical addition to C]O is fully reversible without the assistance of hydrogen. 24 Notably, it was found that the second HAT and C-C coupling can happen simultaneously via the transition state (TS) shown in Scheme 6. In the nal step, the diimide N 2 H 2 formed in the previous step decomposes into N 2 and H 2 . The results of computational modeling are fully consistent with the experimental observations and suggest that the energy the system acquires aer the excitation is sufficient to overcome the transition state associated with the C-C bond formation.
Conclusions
reductant under very mild conditions (room temperature). The reaction produces only traceless non-toxic N 2 and H 2 gases as byproducts. The protocol solves the long-standing metal waste issues in the classical pinacol coupling reactions and has a relatively broad aromatic ketone scope and functional group tolerance. Potential synthetic applications are demonstrated by a gram-scale reaction. Furthermore, the fundamental steps regarding the mechanism such as the processes of ketyl radical formation, the HAT behavior of N 2 H 4 and the C-C bond formation of the product were extensively studied experimentally and computationally.
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